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Morphology tuning of a series of Au/Co/Au nanostructures which gradually evolve from disk to
ring allows controlling their optical and magneto-optical spectral responses in the visible and near
infrared ranges. This is achieved by the combined use of hole mask colloidal lithography with off-
normal deposition and substrate rotation. The morphological parameters responsible for this con-
trol, the disk/ring outer diameter and height, are determined by the off-normal deposition angle and
the amount of deposited material, respectively. The single dipolar symmetric resonance mode in
nanodisk splits into two characteristics, low (symmetric) and high energy (antisymmetric) ring
modes. The ring’s high energy mode, determined by the rings’ section, is basically independent of
the deposition angle, while the low energy symmetric mode is basically controlled by the outer di-
ameter/height aspect ratio for both disk-like and ring structures, and therefore allowing a fine tun-
ing of the wavelength position of this resonance.VC 2015 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4913621]
In recent years, there has been an increasing interest on
the exploration of systems in which surface plasmon resonan-
ces and magneto-optical (MO) activity coexist and interact.1
In these so-called magnetoplasmonic structures, the plasmon
resonance control and enhancement of the MO activity has
been one of the most intensively studied aspects.2–7
Due to the practical interest in general of magnetoplas-
monic structures in sensing applications8,9 as well as
telecommunication10–12 areas, the ability to spectrally tune
this plasmon enhanced MO activity (MOA) is of obvious in-
terest. For example, in single resonant magnetoplasmonic
nanoelements such as disks4,7,13,14 and particles,15 while
maintaining all other parameters fixed, their dimensions and
aspect ratio are one of the relevant factors that allow control-
ling the wavelength range at which this enhancement takes
place. This can also be achieved and spectrally extended by
using multi-resonant systems. For example, in vertically
stacked metal/dielectric/metal nanodisk structures16 both
symmetric and antisymmetric modes are excited, obtaining
configurations for which large MO activity and low optical
losses may be obtained in the same spectral region.
Alternatively, magnetoplasmonic nanorings also yield multi-
resonant optical and MO responses that extend this effect
into the near IR region.17
Many of these systems make use the hole mask colloidal
lithography (HMCL)17–19 method for their fabrication, which
make it possible to cover cm2 areas with a large variety of
systems of diverse complexity, from simple and multiple
nanodisk structures,14 chiral structures,20 nanorings,17 and
split ring compositions.19 The fabrication of these different
architectures is basically achieved by different combinations
of tilted-angle deposition and rotation in the substrate. For
example, normal incidence deposition along with continuous
rotation about the surface normal yields nanodisk structures,
while similar rotation of the substrate at large enough off-
normal deposition angles yields nanoring elements.
Exploiting this great versatility and potential of the
HMCL technique, the purpose of this work is to get a deeper
insight into the morphology control of the optical and
magneto-optical properties of a series of nanostructures that
gradually connect two of the most studied systems such as
disks and rings.
For this purpose, typical HMCL templates used were
fabricated on glass substrates following a standard proce-
dure:14 Polystyrene spheres (PS) with 124 nm diameter were
incubated by PDDA adhesive layer on 200 nm thick PMMA,
followed by a 30 nm Au film sputtering over all of the tem-
plate and tape-stripping to remove all the PS spheres, leaving
perforated Au film mask on PMMA. The uncovered part of
PMMA layer was etched with oxygen plasma to allow
enough space for the deposition of disk or ring structures
under the Au film mask. After the deposition process, the
whole template was eliminated by lift-off in acetone for 2 h
in an ultrasonic bath.
The deposition process was then performed in an ultra-
high vacuum system with electron-beam evaporation for Ti
and Co, and Knudsen cell for Au. For all the structures, a
1–2 nm Ti layer was deposited first to improve the adhe-
sion of the subsequent Au and Co layers. The deposition
rates were 0.02 nm/s for both Ti and Co, and 0.03 nm/s for
Au. The rotation speed of the substrate about its surface
normal was 3 rpm for all the samples. Additionally, off
normal deposition angle was controlled independently to
allow fine tuning in the disks and rings fabrication. Sample
morphology was characterized by AFM, and optical and
MO properties by optical extinction at normal incidence of
the light and polar-Kerr spectroscopy in setups described
elsewere.17,21a)E-mail: alfonso@imm.cnm.csic.es
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In Fig. 1, we sketch the different deposition configura-
tions considered, and representative AFM images of the
obtained structures using these configurations. Fig. 1(d)
details all the geometrical parameters that determine the
lateral dimensions of the obtained structures, namely, D is
the diameter of the hole in the Au film mask determined by
the diameter of PS sphere, h is the deposition angle, t is the
Au mask layer thickness, and T is the PMMA thickness. At
normal deposition (h¼ 0, Figs. 1(a) and 1(e)), the material
is deposited in the region below the hole, forming disks.
By slightly changing the deposition angle off-normal
(h¼ 8, (b) and (f)), opposite deposition angles will pro-
duce deposits that overlap in the central region, resulting in
over-accumulation of material and larger height in this
region with respect to the edge of the nanodisk. Further
increase of deposition angle will lead to a situation where a
dip in the central part of the disk starts opening up, until
deposits produced by opposite angles are just in the limit
of physical contact (h¼ 18, (c) and (g)). This case can be
considered as the transition between disk and ring forma-
tion, from which the central dip becomes a full hollow
region. For larger deposition angles (h¼ 24, (d) and (h)),
the deposits from opposite angles are away from each other
and the substrate rotation about its surface normal leads to
ring formation.
Following this procedure, 43 nm Au, 30 nm Co, and
86 nm Au were sequentially deposited at h¼ 0 to obtain the
Au/Co/Au trilayer disk. With the purpose of maintaining the
amount of plasmonic and ferromagnetic material identical
for all the structures, the deposition time of each Au and Co
layer for all the other structures was kept the same as that in
the h¼ 0 situation, resulting in a gradual reduction of the
structure height and increase in the outer diameter due to
spatial redistribution of the deposited material as the deposi-
tion angle increased. The representative AFM images in
Figs. 1(e)–1(h) confirm the described morphological evolu-
tion, with a disk shape for 0 and 8, disks presenting a dip
in the central part for 18, and clear ring shape for 24.
This morphological evolution becomes even more evi-
dent if one compares the AFM profiles of all the structures,
which are shown in the left column of Fig. 2. These AFM
profiles were obtained by averaging profiles from 10 differ-
ent nanostructures in each sample. As it can be seen, the
overall evolution of the structural shape is clear, being a
well-defined disk for 0, a disk with a taller central part and
a shorter edge for 8, disks with a central dip for 16 and
18, and ring structures with actually hollow central parts for
20, 22, and 24. The morphological parameters, i.e., outer
diameter (Dout), height (H) extracted from these profiles, are
also listed in Fig. 2, together with the resulting aspect ratio
(AR¼Dout/H),17,22 which exhibits the gradual increase with
deposition angle. Additionally, the corresponding parameters
calculated using simple geometrical considerations19,23 and
the resulting aspect ratios are also shown in parenthesis,
showing excellent agreement with the results extracted from
FIG. 1. (a)–(d) Schematic representation of the different deposition geome-
tries for h¼ 0 (a) (disks with flat upper surfaces), 8 (b) (disks with super-
imposed central regions due to overlapping), 18 (c) (disks with a dip in the
central part), and 24 (d) (standard rings). The deposition parameters that
define the lateral dimensions of the obtained structures are shown in (d).
(e)–(h) Representative AFM images of the structures obtained for h¼ 0 (e),
8 (f), 18 (g), and 24 (h).
FIG. 2. Left: averaged AFM profiles from 10 different nanostructures in
each samples showing clear evolution from disk to ring. Vertical axes are
displaced to help the visual inspection. Right: morphological parameters (H
for height, Dout for outer diameter) obtained from the averaged profiles, and
aspect ratio (AR¼Dout/H) for the different deposition angles. In parenthe-
ses, the parameters obtained using a simple geometrical calculation accord-
ing to the deposition parameters shown in Fig. 1(d).
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the AFM profiles, except for the 8 sample due to the over-
lapping deposition effects.
This gradual morphological evolution as a function of
the deposition angle while maintaining basically identical
amount of plasmonic and MO material has its direct conse-
quence in the optical and MO spectral response of the stud-
ied structures. This is illustrated in Fig. 3, where we show
the spectral dependence of the extinction (left) and MOA in
polar configuration (right) defined as the modulus of the
complex Kerr rotation.16
As it can be seen for each deposition angle, the spectral
dependence of optical extinction and MOA spectra are very
similar, confirming the cross correlation between plasmon
resonance excitation enhanced electromagnetic field in the
MO active component, and the subsequent enhancement of
the MOA at resonance.4,17 Additionally, a clear parallel evo-
lution of both extinction and MOA as a function of deposi-
tion angle is also observed: for 0 and 8, both extinction
and MOA spectra exhibit a single resonance. With increasing
deposition angles, a new spectral feature begins to appear as
a shoulder in the high energy side of the main peak. This
additional feature becomes more intense and clearly observ-
able for 20, 22, and 24 deposition angles.17
These results highlight the optical and MO counterpart
of the gradual morphological transition from disk to ring
obtained by modifying the deposition parameters: The single
mode feature observed for disk structures (0 and 8) corre-
sponds to the excitation of the disk dipolar resonance mode,
the low extinction and MOA values observed relative to the
rest of deposition angles being simply due to the low aspect
ratios and therefore small dipole moments.4,22 On the other
extreme of the series of structures, the bimodal behavior for
ring (20, 22, and 24) can be interpreted in terms of the
disk-hole dipole hybridization model,17 inducing a symmet-
ric dipolar mode in the low-energy range and an antisymmet-
ric dipolar mode in the high-energy range. The high energy
mode may also have contributions from higher order modes,
but for normal incidence, this contribution is expected to be
small.24,25 On the other hand, the intermediate structures
grown at 16 and 18 corresponding to disks with a central
dip show an intermediate behavior, with a main resonance in
low energy range and a very small shoulder in high energy
range.
Up to this point, it is evident that the mode for disk
structures and the low energy mode observed for the rings
share a common dipolar symmetric nature and the spectral
shift of these modes occur in a gradual fashion all the way
when transiting from disk to ring structures. Since the rele-
vant parameter governing this feature in disk structures is the
aspect ratio,17,22 in Fig. 4 we have plotted the wavelength
position for both optical and MO modes versus the corre-
sponding aspect ratios. As it can be seen, the low energy op-
tical and MO modes for both disks and rings gradually red
shift in an identical linear fashion with increasing aspect ra-
tio, from 650 nm for pure disk structures up to 1200 nm for
pure rings. This highlights the clear “disk-like” nature of the
low energy mode, whose spectral position is governed by the
aspect ratio of the structure, with very little or almost absent
effect of the hole. On the other hand, in Fig. 4 the high
energy (HE) mode position is also shown for the ring struc-
tures, which are the only ones where this mode is observed.
In this case, its position hardly depends on the aspect ratio,
as expected since it basically depends on the ring section.26
In summary, we have shown how the HMCL technique
allows finely controlling the morphology and aspect ratio of
Au/Co/Au magnetoplasmonic structures that gradually
evolve from disk to ring. As a consequence, a gradual evolu-
tion of the optical and MO spectral responses is also
observed, allowing an accurate control on the spectral posi-
tion of the desired MO features by simple structural design.
FIG. 3. Optical extinction (left) and polar MO activity (right) spectra show-
ing unimodal to bimodal evolution from disk to ring. Black lines are guides
to the eye showing the gradual spectral shift behavior of the low energy
(LE) mode, clearly observable for all the structures. The high energy modes
evident for 20–24 deposition angles are also marked with black bars. Note
the different scales for spectra at 0 deposition angle.
FIG. 4. Low and high energy (LE and HE) optical and MO resonance wave-
length position as a function of the aspect ratio (dashed lines are guides to
the eye).
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This control is obtained in the low energy mode, of both disk
and ring structures. This disk-like nature of this mode is con-
firmed by the almost absent effect of the hole on it, with a
linear dependence of its spectral position on the aspect ratio,
regardless either disk or ring structures. The high energy
mode is governed by the rings section, determined by the
template hole diameter, and therefore its spectral position
remains unaltered for all the structures where it is present.
These findings may be useful in the detailed design of mag-
netoplasmonic structures whose MO response in specific
spectral ranges may be desired, in sensing or telecommunica-
tion applications.
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